A brief review of recent results on interlayer tunnelling spectroscopy of layered charge density wave (CDW) materials is presented, demonstrating the high capability of this method for studies of this electron condensed state. We discuss some features observed in comparison with high temperature superconductors (HTS).
Introduction to interlayer tunnelling in HTS materials
The method of interlayer tunnelling is based on the layered crystalline structure of some highly anisotropic materials where elementary, atomically thin conducting layers are separated by elementary isolating layers ( figure 1(a) ). The transport along the layers in these materials is provided by metallic intralayer conductivity while the transport across the layers occurs via interlayer tunnelling.
In a case when the layered structure of that type undergoes, at low temperatures, a phase transition into an electron condensed state (e.g. superconducting or CDW state) the interlayer tunnelling may be used as an effective tool to study that state [1] .
In many cases as in layered superconductors the amplitude of the order parameter (OP) becomes vertically modulated, while phases in neighbouring layers remain coupled. That yields effects of both types in interlayer tunnelling, one related to phase interference (DC intrinsic Josephson effect) or phase decoupling (appearance of Josephson vortices in parallel magnetic field). Another type, as quasiparticle tunnelling over a superconducting gap, is related to the amplitude of the OP. Many fundamental properties of high temperature superconductors related to the symmetry of the OP [2] , gap/pseudogap spectroscopy [3] and dynamics of Josephson vortex lattices [4] have been explored using the interlayer tunnelling technique. One of the attractive features of the method when compared with some other widely used spectroscopic techniques such as IRS, ARPES and STM is the possibility to get information from the bulk of the material. Figure 1 (b) illustrates the DC intrinsic Josephson effect on the micron sized mesa structure of layered HTS superconductor Bi-2212. The Fraunhofer pattern observed on this device shows that the scale of periodicity on the external magnetic field is higher than that observed on conventional Josephson junctions of the same lateral size by three orders of magnitude. This is a direct demonstration of the atomic scale smallness of the elementary junction size along the c axis.
For stacks of bigger sizes L > λ J (where λ J is the Josephson penetration depth = sλ c /λ ab with λ c,ab the anisotropic London penetration depth) a parallel magnetic field above some threshold value H c1 decouples phases between neighbouring junctions by creation of Josephson vortices (JVs) [7] . A JV represents a phase topological defect. The circulation around its nonlinear core gives a phase variation of 2π. At higher fields the inter-vortex interaction leads to their ordering into the Josephson vortex lattice (JVL) [8] . The JVL motion induced by a current applied across the layers is accompanied by Josephson emission and may be identified by the Shapiro step response to the external microwave field. Experiments of that type [9] revealed the existence and the high coherence of the driven JVL. the Fermi surface as well. The difference is as follows. The superconducting state is formed by the coupling of electrons on the opposite sites of the Fermi surface. The total momentum of this pair (Cooper pair) is equal to zero. In contrast, in the CDW condensed state the coupling occurs between electrons and holes at the opposite parts of the Fermi surface. Because of the negative effective mass of a hole, the pair of that type has a total momentum 2 p F or a wavevector 2k F . As a result the density of condensed carriers is spatially modulated forming a charge density wave [12] . In the case when the CDW is incommensurate with the underlying lattice its order parameter can be expressed as 0 = A cos(Qx + ϕ) with Q = 2k F the CDW wavevector and ϕ an arbitrary phase. A Peierls transition is preferable for compounds possessing considerably flat parts of the Fermi surface separated by 2 p F (nesting condition). That is typical for low-dimensional (quasi-1D or quasi-2D) crystals containing conducting elementary chains or conducting planes. For a number of typical CDW materials of MX 3 type (M-transition metal, X-chalcogen) the conducting chains are assembled in elementary conducting layers isolated from each other by a double barrier of insulating prism bases [11] . For NbSe 3 that results in a very high interlayer conductivity anisotropy σ a * /σ b ∼ 10 −3 at low temperatures compared with the intralayer anisotropy σ c /σ b ∼ 10 −1 . In the Peierls state, similar to layered superconductors, the amplitude of the OP is modulated across the layers while phases remain coupled. That provides a ground studying for CDW gap spectroscopy by interlayer tunnelling.
The CDW gaps and the zero bias conductance peak (ZBCP) have been identified in NbSe 3 using this method [11, 13] . Here we present a short review of our recent studies on interlayer tunnelling spectroscopy including observation and studies of new collective states with their energy lying inside the CDW gap.
Stacked structure fabrication and characterization
The stacked structures used for interlayer tunnelling spectroscopy in HTS materials usually have micron scale lateral sizes and contain several tens of elementary junctions. The small size of the stacks provides phase coherence of interlayer tunnelling [14] and highly reduced self-heating effects [15] . Recently the focused ion beam (FIB) technique has been developed for fabrication of those structures [16] . We applied this technique on CDW materials NbSe 3 and o- TaS 2K  6K  8K  10K  12K  14K  16K  18K  20K  22K  24K  26K  28K  30K  32K  35K  40K  45K  50K  55K  60K  65K  70K  75K  80K  85K  90K  95K  100K  105K  110K  115K  120K  125K  130K  135K  140K  145K  150K  160K  170K dI/dV (kOhm 
a second trench is etched on the opposite side of the crystal near the first one to the same depth. The stacked junction with thickness of 2δ is thus formed between the trenches. At the third stage (figure 2(c)) the stacked structure is trimmed to the whole width of the crystal. The typical junction is shown in figure 2(d).
CDW gaps and zero bias conductance peak
The interlayer tunnelling spectra have been measured by four probes. The greatest part of the applied voltage is dropped at the stacked junction due to the very high anisotropy conductivity along and across the conducting planes. The I -V characteristics of the junction have been measured using a programmable current source and a nanovoltmeter. The tunnelling spectra dI/dV (V ) have been obtained by numerical differentiation of the I -V data. The evolution of the interlayer tunnelling spectrum for NbSe 3 with decreasing temperature is shown in figure 3 . NbSe 3 undergoes two Peierls transitions at T p1 = 145 K and at T p2 = 59 K.
The appropriate CDW gaps appear as peaks in the spectra at V g2 = 2 2 and V g1 = 2 1 below the Peierls transitions. At low temperatures V g2 = 50-60 mV and V g1 = 130-150 mV. Along with the gap peaks a strong zero bias conductance peak (ZBCP) appears at low temperatures. The gap values found are consistent with STM [17] , optics [18] and low temperature ARPES data [19] as well as with point contact spectra NbSe 3 -NbSe 3 along the a * axis [11] . The results show that only one elementary tunnel junction in the stack is working at high bias voltage; we consider this single junction as the weakest elementary junction, where the CDW phase decoupling occurs with the increase of V . We interpreted the ZBCP anomaly as the result of coherent interlayer tunnelling of non-condensed carriers localized in small pockets on the Fermi surface [13] . Both the height and the width of ZBCP characterize the stack quality. For the best samples, the ratio of the ZBCP height to the background value at V > 2 reaches 30 while the ZBCP half-width is 10 mV.
We found that, in spite of very sharp changes of dI/dV (V ) below the Peierls transitions, the total spectral weight S is nearly unchanged below and above transition temperatures (inset of figure 3 ). We defined S as the integral of dI/dV curves between the fixed voltages from −V 0 to +V 0 , with V 0 being considerably above the highest CDW gap. That result indicates that opening of the CDW gaps nearly does not affect the total number of single-particle states. The small variation observed may be related to the weak dependence of the interlayer barrier transparency with temperature. A similar behaviour has been recently demonstrated for interlayer tunnelling in HTS materials [20] : the opening of the pseudogap and superconducting gaps does not affect the integral density of states.
Interaction of two CDWs in NbSe 3
The very sharp gap peaks observed allowed us to measure very precisely temperature variation of the gap value. As was noticed earlier [11] and in more precise recent measurements [21] both gaps follow the BCS type dependence quite well.
Below T p2 two CDWs coexist in NbSe 3 . The question whether they are independent or interacting with each other has been widely debated in the literature. The first observations evidenced that the formation of the CDW2 has a negligibly small effect on the first one. That was based on the facts that no observable change occurs below T p2 in either the position [22] or intensity [23] of the diffraction spots associated with the first CDW. However, another experimental fact pointed out the possible phase locking effect between the two CDWs. Namely, the wavevectors characterizing the two CDWs [23, 24] 
i.e. twice their sum is a reciprocal lattice vector. Some authors [25, 26] considered that as the evidence of phase coupling between the two CDWs below T p2 . The analysis based on the simple Ginzburg-Landau theory [26] pointed out that a phase-locking effect can be accompanied by the small enhancement of CDW1 energy gap below T p2 . That follows from the additional term in the Ginzburg-Landau free energy related to the joint commensurability effect [26] :
where F 1,2 are free energies below T p1, p2 and ϕ 1,2 are corresponding phases of the order parameters 1,2 . Recent studies revealed some features of the interaction between the two CDWs in the dynamical state, when one or both CDWs are in a sliding state. In particular, it was found that the threshold for CDW1 depinning decreases below T p2 [27] . Also it was found that the sliding of both CDWs below T p2 causes a correlated and opposite shift of the satellite spot positions, keeping the projection of q 1 + q 2 along the chain unchanged [28] . That was interpreted as a dynamical decoupling of CDWs.
However, the static phase-locking effect and the corresponding enhancement of the CDW1 gap below T p2 still S89 has not been experimentally verified. That was partly related to the absence of a reliable and sensitive technique for CDW gap spectroscopy.
Using an interlayer tunnelling technique we succeeded in revealing this interaction.
As follows from figure 4 , the opening of the CDW gap 2 below T p2 , indeed, leads to the enhancement of the gap 1 , δ 1 . The effect is shown to be of the second order in 2 (inset in figure 4 ) and is relatively small, the maximum enhancement of δ 1 / 1 being ≈0.1.
Intragap CDW states
As was mentioned above the incommensurate CDW (ICDW) is characterized by the OP 0 = A cos(Qx + ϕ). The uniform ground state in the ICDW state with A(x) = const is degenerated with respect to the phase shift by π that changes A by − A. That leads to the possibility of non-uniform ground state that can be realized by local change of the phase by π and simultaneous acceptance of one electron from the free band to conserve electro-neutrality. The resulting state with A = tanh(x/ξ 0 ) is known as the amplitude soliton (AS) [28] . The AS has an energy E s = 2 /π that is lower by ∼ /3 than the lowest energy of an electron in a free band . Therefore, free electrons near the band edge tend to be self-localized into AS states. Experimentally the existence of AS states has been reliably demonstrated only for dimeric compounds like polyacetylene. Using an interlayer tunnelling technique we undertook an attempt to find the AS states in inorganic MX 3 compounds with commensurability parameter m close to m = 4. To avoid the masking effect of the ZBCP we used a high temperature regime where the ZBCP is suppressed, or a low temperature regime in the presence of the high magnetic field parallel to the layers that narrows the ZBCP [11] . In both cases, in addition to a peak at V = 2 , we found an additional peak at V = 2 /3 (figures 5(b), (c)) which was interpreted as the result of interlayer tunnelling with a transition of pocket carriers to the AS levels [29] . 
The interlayer tunnelling studies of another CDW compound, o-TaS 3 , also demonstrated the existence of the ASs in that compound in the ICDW state. o-TaS 3 experiences a transition to the commensurate CDW (CCDW) state at 130 K. At the CCDW state the phase of the OP is locked by the lattice periodicity and the AS states with an acceptance of one electron are forbidden. As a result, we found an increase of the observed tunnelling gap by 1/3 followed by a transition from the ICCDW to the CCDW state [30] .
Phase decoupling effects on interlayer tunnelling in layered CDW materials
Another remarkable feature that appears at lower energies within the CDW gap is a sharp voltage threshold V t for onset of the interlayer tunnelling conductivity (figures 5(b), 6(a) and 7(a)). The value of V t at low temperatures was found to be close to the energy of 3D CDW ordering kT p (T p is the Peierls transition temperature) for both CDWs in NbSe 3 and for oTaS 3 ( figure 6(b) ). Therefore, V t was attributed to the energy of the CDW phase decoupling between the neighbouring layers.
Brazovskii developed a model that describes phase decoupling via the subsequent formation in the weakest junction of an array of dislocation lines (DLs) [31] , the CDW phase topological defects. The DLs are oriented across the chains. They appear as a result of the shear stress of the CDW induced by the electric field. As in a case of Josephson vortices the circulation around the DL core gives a phase variation of 2π. That corresponds to the CDW elementary charge 2e per chain. The excess charge of the DL accumulates the electric field within the DL core. In the vertical direction the DL core has atomic size, i.e. inside the core, the field is concentrated within one elementary junction. The in-plane size of the DL core is much bigger, about 50 nm. That means that for a junction of 1 μm, about 10 DLs can completely overlap its area and the voltage then drops on one elementary junction, as was observed experimentally.
Another consequence of that model is the prediction of a multiple periodic structure above the threshold voltage associated with the appearance of the first, second, and so on, DLs. That structure was experimentally found [32] ( figure 7) .
Note, here, the remarkable similarity between layered superconducting and CDW systems that manifests itself in similar mechanisms of phase decoupling via formation of phase vortices. In both cases a threshold energy for phase decoupling associated with H c1 or V t is much less than the value of the energy gap. We summarize those features in table 1.
From the model it follows also that at V V t , when the DLs overlap, the phase difference in the weak junction grows linearly with a distance along the junction as
in a very similar way as the phase difference evolves in time in a Josephson junction at high bias voltage:
Summary
The method of interlayer tunnelling spectroscopy has been adapted for studies of layered CDW materials of MX 3 type. Using this technique we identified CDW energy gaps and zero bias conductance peak and we found an interaction between two CDWs in NbSe 3 in the temperature range of their coexistence. We also found intragap states with an energy of 2 /3 and ≈0.1 that have been attributed to the amplitude and phase excitations of CDW.
